In order to integrate more and more renewable energy resources to the main grid, single-phase grid-connected converters (GCCs) have gained more attention. However, the controller for a single-phase GCC is much more difficult to design than for a three-phase GCC. Traditionally, proportional plus integral (PI) or proportional plus resonant (PR) are widely used to control a single-phase GCC system. However, both the PI and PR controlled GCC show some drawbacks, such as slow response speed, poor robust performance against the systems' uncertainties and exogenous disturbance. In this paper, the detail state-space model of a single-phase GCC system is built, which includes the uncertainty and disturbance in the system to accurately reflect the practical system conditions. Then, robust mixed 2 / H H optimal control technique is applied to design a full-state feedback controller for a single-phase grid-connected converter. The performance of proposed control method is evaluated by simulation. Simulation results demonstrate that the proposed control method has much more improved transient and steady state performance than PI controller.
INTRODUCTION
Single-phase grid-connected converters (GCCs) have gained more and more attention to satisfy the increasing penetration of renewable energy resources (e.g. photovoltaic, fuel cells and wind-power). The controller plays an important role for a single-phase GCC system, which should ensure high power quality, stability and reliability of both alternating current (AC) and direct current (DC) subsystems of the GCC system. However, the controller for a single-phase GCC is much more difficult to design than for a three-phase GCC. As an imaginary circuit has to be created to fulfill a vector control, which may cause great challenges to ensure high performance of vector control for single-phase GCC systems [1] . Furthermore, the parameter of AC link grid inductance is difficult to estimate due to the load uncertainty, the AC and DC link voltage of the GCC system may fluctuate during changing load conditions. Thus, it is difficult to design a high performance controller for a single-phase GCC system, especially under parameter variation and system disturbance conditions. Traditionally, proportional plus integral (PI) or proportional plus resonant (PR) are widely used to control a sin- gle-phase GCC system. In [1] , PI vector controller in the synchronous-frame is proposed to implement the direct-current vector control. In [2] , PR controller in the stationary-frame is applied for single-phase GCC system control. However, both the PI and PR controlled GCC show some drawbacks, such as slow response speed, poor robust performance against the systems' uncertainties and exogenous disturbance. The 2 norms H and norms H of a closed loop transfer function have been widely used to evaluate the performance of a practical control system. 2 norms H is suitable to evaluate the transient performance of a control system [3] , but it cannot evaluate the robustness under exogenous disturbances and system parameter perturbations [4] . norms H is widely used to evaluate the system robustness against worst-case exogenous disturbances. In [5] , norms H based robust control is applied to develop the controller for a single-phase uninterruptible power-supply (UPS) system, which improves the robustness against variations of the operation point and modeling uncertainties. Although a robust H controller can deal with the parameter variation and system disturbance, it is at the expense of scarifying other performance index of the system, i.e. it has the issue of conservatism [6] . The robust mixed 2 / H H based optimal control can integrate optimal transient performance and robustness into a single controller, which has been widely investigated. However, no research has been conducted to develop a vector controller for a single-phase GCC system by using the robust mixed 2 / H H based optimal control. In this paper, the detail state-space model of a single-phase GCC system is firstly built, which includes the uncertainty and disturbance in the system to accurately reflect the practical system conditions. Then, robust mixed 2 / H H optimal control technique is applied to design a full-state feedback controller for a single-phase grid-connected converter. The rest of this paper is structured as follows. The robust mixed 2 / H H technical is introduced in section 2. section 3 presents the single-phase grid-connected converter model and proposed control architecture. section 4 presents the simulation evaluation. Finally, the paper concludes in section 5.
R OBUST MIXED

/ H H TECHNICAL BACKGROUND
For single-phase GCC system, the uncertainties in the grid impedance and grid voltage disturbances will degenerate the dynamic performance of the system. Robust mixed 2 / H H based optimal control can be applied to deal with these problems. The detail state-space model of a single-phase GCC system is built in section III, which includes the uncertainty and disturbance in the system to accurately reflect the practical system conditions. In the following, we will give an introduction of robust mixed 2 / H H based optimal control technique. Consider the following uncertain discrete-time state-space model of a MIMO system: H represent the parameter uncertainties in the system model. Assume that the uncertainties involved in both the state and input matrices are norm bounded and of the following form:
where k l F R is an unknown real matrix, which satisfies T F F I , I is an identity matrix, 1 2 , , and H E E are constant matrices of appropriate dimensions, which characterize how the uncertain parameters in F enter the system [7] . Yu L. et al. proposed that, for a given 0 and system (1), if the following optimization problem of Eq. (3) has a solution ( , , , , )
H H based optimal guaranteed cost controller for system (1) [7] . 
where 0 , 0 , and , N V are matrices of appropriate dimensions, is a symmetric positive definite matrix, ( ) tr N is the trace of matrix N , 1
( ) P C D V and * represent symmetry matrix elements. 
SINGLE-PHASE
GRID-CONNECTED CONVERTER MODEL AND CONTROL ARCHITECTURE
Single-phase Grid-Connected Converter Model
Rewriting Eq. (4) in a compact form, one has 1 2 x = Ax +B u B w y = Cx (5) where
The grid inductance g L is affected by the uncertainty of the grid [8] , this parameter is considered belonging to a given interval in this paper. In order to represent the uncertain system matrices ( , ) The continuous-time uncertain system of Eq. (9) can be discretized as Eq. (10) by using the approximants given in Eq. (11) [9] . 
Control Architecture
The controller topology is shown in Fig. 2. In 
The state variables of the augmented closed loop state-space equation given in Eq. (13) are ( ) ( ) diag( , ) R , 3 3 diag(1,1, , ) Q , 4 4 diag( , ) R . In this paper, the value of 
SIMULATION
A single-phase GCC system is simulated to evaluate the performance of the mixed 2 / H H control approach by using the Matlab/Simulink. For the simulation model, a dc-voltage source represents the DC link, which is 600V under the normal operation condition; a single-phase voltage source represents the AC link, which is 220V and 50Hz under the normal operation condition; the resistance of the grid filter is 0.15 and the inductance of the grid filter is in the range of 1mH-3mH . The switching frequency of the PWM power converter is set to be 6000Hz. The sampling time of the measured instantaneous single phase grid current and voltage is set as 0.1ms. The simulation results are presented in Fig. 3 . In order to evaluate the robust stability of the mixed 2 / H H controller under the exogenous disturbance, the AC grid voltage and DC link voltage are fluctuant in this case study, as shown in Fig. 3 (a) and Fig. 3 (b) . Fig. 3 (c) and Fig. 3 (d) show the axis d and axis q current, respectively, when the inductance value of the grid filter is set as 2mH f L . From Fig. 3 (c) and Fig. 3 (d) , one can find out that the proposed controller has lower overshoot, and better performance in tracking the changing reference current under the AC link and DC link voltage disturbance. The power quality of proposed controller is also better than PI controller, as can be seen from the GCC output current waveforms, shown in Fig. 3 (g) and Fig. 3 (h). 
Conclusion
A robust mixed 2 / H H based optimal control is implemented by using a full state feedback to control a single-phase GCC system. The parameter uncertainty of grid inductance, disturbance of AC voltage and DC-link voltage are considered in the single-phase GCC system, which can more accurately reflect the practical system conditions. In order to evaluate the proposed controller, a power-electronic-switch-level model is built in Matlab/Simulink for case study. The simulation results show that the proposed controller has better transient performance and better robust stability than the traditional PI control methods.
